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Contribution of Radon and Radon
Daughters to Respiratory Cancer
by Naomi Harley,* Jonathan M. Samet,t Frederick T.
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This article reviews studies on the contribution ofradon and radon daughters to respiratory cancer and
proposes recommendations for further research, particularly a national radon survey. The steady-state
outdoor radon concentration averages 200 pCi/m3, and indoor levels are about 4 times higher. The primary
sourceofradon inhomes istheunderlyingsoil; entrydependsonmultiplevariablesandreducedventilation
for energy conservation increases indoor radon levels. Occupational exposures are expressed in units of
radon daughter potential energy concentration orworking level (WL). Cumulative exposure is the product
of the working level and the time exposed. The unit for cumulative exposure is the working level month
(WLM). Theoccupational standardforradonexposure is4WLM/year, and2WLMIyearhasbeensuggested
as a guideline for remedial action in homes. Epidemiologic studies show that miners with cumulative
radon daughter exposures somewhat below 100 WLM have excess lung cancer mortality. Some 3% to 8%
of miners studied have developed lung cancer attributable to radon daughters. All of the underground
mining studies show an increased risk oflung cancer with radon daughter exposure. All cell types oflung
cancer increased with radon exposure. Ifradon and smoking act in a multiplicative manner, then the risk
forsmokers could be 10 times thatfornonsmokers. The potential riskoflungcancerappears tobe between
1 and 2 per 10,000/WLM, which yields a significant number of lung cancers as some 220 million persons
in the United States are exposed on average to 10 to 20 WLM/lifetime.
Human Exposure
Everyone is continuously exposed to radon and its
radioactive daughters. All rocks and soils contain the
primordial series headed by uranium-238 (t½ = 4.5 x
109 years), and the fifth member ofthe series, radium,
decays to gaseous radon (t½ = 3.8 days). Average soil
contains about 1 pCi radium/g, and this concentration
supports an average soil surface emanation rate of0.5
pCiradon/m2sec. Thisemanation rateproduces asteady
state outdoor radon concentration that averages 200
pCi/m3. Indoor concentrations, because of the absence
ofdilutioncapacityoftheoutdooratmosphere, areabout
4 times higher. Radon in groundwater can attain very
high levels and add to the indoor exposure appreciably
(1,2).
Occupational exposures are generally expressed in
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units ofradon daughter potential energy concentration
or working level (WL).* Cumulative exposure is ex-
pressed as the working level month (WLM) and is ex-
posure rate multiplied by time in units of the work
month.
Historically, the working level month was thought to
be proportional to lung dose. Also, it is an easy mea-
surement toperform, requiringonly asingle alphamea-
surement on an air-sampling filter. In either mines or
homes, a rough equivalence of air radon concentration
and WL is that 1 pCi radon/L is equal to 0.005 WL.
Since average indoor environmental exposure is per-
haps 0.8 pCi radon/L (0.004 WL), this is equivalent to
an exposure of0.2 WLM/year (3). The uranium content
of mined ores can be many thousands of times normal
soil values, and in the past, occupational exposures of
hundreds of WLM/year were not unknown in the ex-
posure cohorts studied.
In the United States, the occupational standard was
reduced from 12 WLM/year to 4 WLM/year in 1971. In
1984, the National Council on Radiation Protection and
*The working level was defined specifically for occupational expo-
sure as any combination of short-lived daughters in one liter of air
that will result in the emission of 1.3 x 10i MeV ofpotential alpha
energy. The working level month is the product ofworkinglevel and
time in units of the 170-hr work month: WLM = (WL) (hours ex-
posed)/170.HARLEY ET AL.
Measurements recommended that anenvironmental ex-
posure of 2 WLM/year be used as a guideline for con-
sideration ofremedial action in the home (4). The state
of Pennsylvania has adopted an action level for homes
of 1 WLM/year. Canada has a remedial action level for
radon contamination arising from the nuclear industry
of 1 WLM/year; more complex standards are based on
dose for natural radon in homes. Sweden requires re-
medial action in homes if the level is greater than 5
WLM/year.
Data on exposures to environmental radon and the
distribution of the exposure data are scant. Based on
few measurements, it was assumed by NCRP (4) that
exposure distribution in the United States is lognormal
and that the average exposure could be 0.2 WLM/year
(median 0.14), with a geometric standard deviation of
about 2.5. Ifthese assumptions are correct, then 0.14%
of the U.S. population is exposed to 2 WLM/year or
greater from natural sources. About 10 times as many
people would be exposed to 1 WLM/year or greater.
The source of radon in homes is primarily the soil
underneath the dwelling. However, for similar soil ra-
dium content, indoor radon concentrations can vary
over several orders ofmagnitude. Radon entry depends
upon the house-to-soil coupling, soil moisture, and in-
door-outdoor pressure differences, among other varia-
bles. Attempts to reduce ventilation for energy conser-
vation undoubtedly increase indoor radon levels.
Respiratory Cancer
In most ofthe large epidemiologic studies conducted
to date, miners with cumulative radon daughter expo-
sures somewhat below 100 WLM have excess lung can-
cer mortality. There are four major studies in which a
dose-response can be inferred (5-10). These include
3362 U.S. underground uranium miners followed since
1950 whose exposures range from 60 to 7000 WLM (av-
erage 800); 15,984 Canadian uranium miners withupper
estimate exposures ranging from 5 to 510 WLM (av-
erage 74); 2400 Czechoslovakian miners followed since
1948 with an exposure range from 72 to 716 WLM (av-
erage 200); and 1415 Swedish iron miners born between
1880 and 1919 who were alive in 1930 and exposed to
27 to 218 WLM (average 80). To date, from 3% to 8%
of the miners studied have developed lung cancer at-
tributable toradondaughters (abovethatexpectedfrom
smoking or other causes alone).
Most lung cancer is bronchogenic, a fact that did con-
siderable damage to the appropriateness ofthe WL and
WLM as exposure units. The potential alpha energy in
air is proportional to whole lung dose but not directly
proportional to bronchial dose because aerosol charac-
teristics must be considered. Itisthe short-lived daugh-
ters of radon (218po and 214po), which arise through
decay of radon, that actually deposit on the bronchial
airways and deliver the carcinogenic dose. Most ofthe
short-lived daughters attach to the natural aerosol, but
a few percent of the first daughter, 218po, remains un-
attached to the natural aerosol. Its small size allows
efficient (100%) deposition in the upper airways and
about 30% of the total alpha dose is due to the unat-
tached 218Po. Only a small fraction ofthe inhaled radon
daughters deposit on the bronchial tree, and bronchial
dose must be modeled from airwajr dimensions. In ad-
dition, the bronchial dose from 2 8Po not attached to
aerosol particles is greater than that from 218po at-
tached to aerosols and that was not considered in de-
fining WL.
The cell type ofthe bronchogenic carcinoma does not
define the lung cancer etiology. Small cell or oat cell
carcinoma is the earliest to appear, but all forms are
increased by radon daughter exposure. In underground
miners with the longest latent intervals, epidermoid
carcinoma appeared dominant. The tumor cell type has
been shown to vary with many parameters, including
smoking quantity, age at first underground exposure,
and latent interval. The percentage of small cell carci-
noma decreased, and the percentage ofepidermoid car-
cinoma increased with latent interval (11). In view of
the numerous celltypes involved, documentingetiology
by type seems unlikely.
Special Groups
Certain individuals or groups could be more or less
sensitive to the effects ofionizing radiation from radon
daughters. Smokers or individuals with pulmonary dis-
ease may be more affected because ofstimulation ofcell
division in the bronchial tree (promotional effects ofthe
irritant). Nonsmokers may be less sensitive. The un-
derlying model for the appearance of tumors following
exposure has an important bearing upon the response
of specific groups; however, the model for the time
course of lung cancer development following radon
daughter exposure is not known. The cohorts under
studywillnotgotoclosureforperhapsanother20years.
The types of models that have been used for risk
projection have generally followed eitheran absolute or
arelativeriskmodel. Lungcancerrarelyappearsbefore
age 40, regardless ofage at exposure, and neverbefore
a minimum latent interval following exposure of5 to 10
years. Most absolute models are modified to include
these basic features and an average annual rate of ap-
pearance. One model decreases the annual rate of ap-
pearance following each exposure with an empirical ex-
ponential correction (3). Another model increases the
annual rate ofappearance as age ofexposure increases
(6). The relative risk model increases the "natural dis-
ease incidence" by a constant fraction (risk coefficient)
per WLM (12,13).
In a relative risk model, lifetime risk from radon
daughter exposure is directly proportional to the nat-
ural appearance of lung cancer. Nonsmokers have ap-
proximately one-tenth the lung cancer rate ofsmokers,
and nonsmoking women have a lower rate than non-
smokingmen. Thus, radondaughter-related lungcancer
could be dependent upon sex, life span (which leads to
overall higher lifetime lung cancer risk), and smoking
history.
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If average levels ofradon daughters induce a signif-
icant fraction of the natural incidence of the disease in
nonsmokers, thenthepureriskofdiseaseinthe absence
ofradon must be reevaluated and different relative risk
coefficients estimated.
A modified absolute risk model could accommodate
specific groups by varying the risk coefficient. Not
enough is known concerning the validity ofthe various
models to take a stand with regard to the use ofa par-
ticular model applied to specific groups. It is also pos-
sible that no proposed model will adequately describe
the data.
From adosimetric viewpoint, children about 10years
old have twice the bronchial dose per unit exposure as
adults (3). This is due to their small lung dimensions
along with almost equivalent minute volumes. Adults
with small lung dimensions also receive a higher bron-
chial alpha dose per unit exposure, and therefore their
risk is higher by a factor that can be estimated given
the bronchial morphometry.
Interactions with Other Pollutants
Ifexposure to radon increases the risk in a multipli-
cative manner, then whatever other factors influence
lung cancer rates must directly influence radon daugh-
ter-related lung cancer. The most important pollutant
or factor is cigarette smoke. If smoking and radiation
interact multiplicatively, the effect ofradon daughters
might be 10-fold higher for smokers than for nonsmok-
ers. However, available data from the Swedish under-
ground iron miner cohort appear to support an additive
model rather than a multiplicative model. The response
to external gamma ray radiation exposure for lung can-
cer in Japanese atomic bomb survivors also appears to
support an additive effect when smokers and nonsmok-
ers are compared (14). Samet et al. observed a larger
relative risk in Navajo uranium miners (primarily non-
smokers)thanwould be expected insmokingwhitemin-
ers(15). Thisimpliesanadditiveeffect. TheWhittemore
and McMillan model, on the other hand, predicts afixed
relative risk coefficient for any given risk for smoking
(13).
Risk Assessment
Risk projection models have been developed to esti-
mate lifetime risk to the mining populations and for
environmental exposures. The range for most models
lies between 1 and 4 lung cancers per 10,000 persons
exposed perWLM. Aplausible range forenvironmental
exposures at the 10 to 20 WLM lifetime exposure level
is from 0 (ifathreshold exists) to 5 per 10,000 perWLM
(if all environmental lung cancer is radon daughter-re-
lated). When calculating an incremental risk due to in-
creased environmental exposure, for example, the age
at exposure should be considered. A person aged 60, if
exposed to an elevated radon daughter level for the
remainderoflife (onaverage 24years), willhavealower
risk than an individual aged 30 exposed similarly for 24
years because of the potential for more years of risk
expression. NCRP has developed tables that allow age
at exposure to be considered (3). In general, except for
those over 60, the risk appears to be between 1 and 2
per 10,000 per WLM. Although this is a small risk, the
large number of persons exposed in the United States
(220 million persons exposed to 10 to 20 WLM lifetime)
yields a significant number of lung cancers.
Muller (private communication) believes that pooling
of the U.S. and Canadian underground miner data for
further analysis would yield better lifetime risk esti-
mates. It should be emphasized that lifetime risk is the
most important and useful concept because ofthe con-
tinuous nature of exposure throughout life.
Studies with experimental animals have generally
been supportive of the human epidemiology. The risk
estimates per unit exposure, primarily for rats, with
some confirmation from dogs, are similar to those for
humans (1,3). These studies havehelpedtoclarifymany
of the uncertainties in the epidemiologic studies re-
garding the roles ofradon daughter exposure rate, dis-
equilibrium, and unattached fraction, as well as ciga-
rette smoke, diesel exhaust, and ore dust exposures.
The following recommendations are proposed as the
key elements in apportioning environmentally induced
radon lung cancer.
Research Recommendations
Recommendation 1: A national radon survey
shouldbe conducted. Dataonthe concentrationofradon
in air and water in homes in the United States have
been collected in small surveys done for special pur-
poses. A systematic national survey is needed to de-
termine an accurate average radon exposure and the
distribution ofexposure. A systematic survey will also
locate geologic areas ofhigh radon exposure that would
not be detected by the special purpose surveys. Inex-
pensive measurement techniques are available. This
survey could be combined with existing health data col-
lection ofthe National Health Interview Survey or the
National Health and Nutrition Examination Survey,
and such a combination would result in substantial sav-
ings in travel and questionnaire expense. This would
allow the linkage of the radon data with other health
data for smoking and health consequences and permit
a risk assessment for lung cancer.
The quality of many past data sets involving radon
or radon daughter measurements is discouraging. Any
study of nationwide levels of indoor radon concentra-
tions should be accompanied by quality assurance data
indicating that the measurements accurately represent
exposure. Much past information on indoor radon con-
centrations provides little more than screening infor-
mation and cannot be used for scientific purposes.
From 10% to 20% of all measurements should be de-
voted to quality assurance information. These samples
would be in the form of blind duplicates, positive con-
trols, and blanks. Data from any study that does not
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provide quality assurance should not be included in the
nationwide survey.
Calibration and quality control can be performed, for
example, at the Eastern Environmental Measurement
Laboratory of the U.S. Environmental Protection
Agency (EPA) in Montgomery, Alabama. Some mea-
surementsforradoninwateruseradiumstandardsfrom
the U.S. EPA Las Vegas Laboratory. Radon in air
measurements can be validated using radon chambers
atthe U.S. Department ofEnergy EnvironmentalMea-
surement Laboratory in New York City.
Recommendation2: Improved epidemiologic infor-
mationshouldbeobtainedthroughinternational pooling
of data. Many issues relevant to assessing the risks
associated with radon daughter exposures are still un-
resolved because the appropriate analyses have not
been carried out, the necessary data are not available
in aparticular study, ordifferent studies appeartohave
produced different results. These include the shape and
magnitude of the dose-response relationship and its
modificationbyexposureto otheragents (notably smok-
ing), time-related factors such as age at exposure, and
insufficient data or errors of exposure measurement.
For many of these issues, the necessary data have al-
ready been collected at considerable expense, and the
appropriate analyses could be carried out at relatively
modest additional cost. These raw data, together with
the necessary funding, should be made available to an
appropriate team of investigators to undertake these
analyses on a systematic basis.
Certain ofthese questions might be better addressed
by one data set or another, whereas others would re-
quire comparison and/or pooling ofmore than one data
set. Where datasetstrulyarecomparable, asubstantial
improvement in statistical power can result from pool-
ing, allowing questions to be answered that no single
study could address. Furthermore, apparent discrep-
ancies can be resolved only by adoption of a consistent
methodology and careful analysis of modifying factors
that differ between studies. Finally, comparison over a
range ofexposure levels or modifying conditions can be
strengthened by pooling data sets with contrasting dis-
tributions of such factors. We recommend that, as a
first step in this direction, the Colorado Plateau and
Ontario uranium miner data be pooled and that efforts
be made to identify other data sets that would also be
suitable for this purpose.
These analyses should also include a reevaluation of
the risk assessment forradon daughters. The results of
such astudycouldbeused asabasisforstandardsetting
for radon and its progeny in the workplace-notably
mines-and with appropriate reservations, an extrap-
olation of derived risk factors to residential exposures
could be made.
Recommendation 3: Epidemiologic studies of min-
ers that are in progress should be continued, and new
populations should be studied, ifjustified by the expo-
surepattern. Studiesofuraniumandotherunderground
miners exposed to radon daughters have been the prin-
cipal source of human data on lung cancer risks from
inhalation. These longitudinal studies should be main-
tained, particularly to attain lifetime followup of the
younger subjects. Any new mining populations with
high exposures to radon daughters should be enrolled
in a prospective study.
Recommendation 4: Experimental animal studies
should be conducted. Human risk factors for radon
daughter exposure are poorly known and exist only for
adult male underground miners. These miners are also
exposed to long-lived radioactive dusts, diesel exhaust,
cigarette smoke, other pollutants associated with the
host rock being mined, and external gamma radiation.
Thus, the lung cancer risk factors presently used for
humans represent acomposite response to otherfactors
as well as to radon daughters. Proper extrapolation of
minerdataforestimation oflifetimeriskstopopulations
from environmental radon daughter exposures requires
experimental data on factors that modify risk, such as
radon daughter exposure rate; unattachment fraction
and disequilibrium; age; sex; duration ofexposure; age
ofexpression ofexcess risk; genetic constitution or sus-
ceptibility to carcinoma induction; and the interaction
of radon daughters with other environmental pollu-
tants, including any influence ofthe temporal sequenc-
ing of co-pollutant exposures. These elements of the
problem must be studied in animals, and the funding of
such studies should be encouraged.
The development of biological multistage models of
radiation carcinogenesis and the incorporation of the
oncogene work into statistical models are necessary for
clarification of the basic biology of radiogenic and non-
radiogenic tumors. Oncogene models offerthe potential
fordistinguishingradiogenictumorsfromnonradiogenic
tumors and, therefore, are potential tools of molecular
biology.
Recommendation 5: A personal dosimeter for oc-
cupational radon exposure should be developed. The
most serious fault in all follow-up studies of under-
ground miners (which form the basis ofrisk projection
models) is the poor quality or lack of radon daughter
exposure measurements. This is well known, yet no
attempt to provide reliable exposure estimates in any
future studies has been initiated. An inexpensive, pas-
sive, reliable integrating radon monitor should be de-
veloped and tested, which would provide the high-qual-
ity data needed. The monitor would be used by every
individual exposed occupationally, with strict quality
control measures, to provide exposure data. Existing
protocols of point measurements would not be
superseded but would be supplemented bythe personal
monitordata. Combined data could provide information
that bears on the relationship between the weighted
exposures, as previously and currently estimated from
point measurements, and actual individual measure-
ments. The point measurements are also needed to pro-
vide information on radon-to-radon daughter ratios,
which, althoughfairly constant, mustbe knownin order
to infer alpha dose.
A consideration of future occupational exposure
should alsorequirethattheunattached fractionofradon
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daughters be measured. The point measurements per-
formed in mines should be modified to provide these
data.
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